There have been many different cubic equations of state proposed since van der Waals over a century ago. However, a form was suggested by Ishikawa, Chung and Lu (1980) that had never appeared before in the literature. Because of its novelty, it seemed worthwhile to study it in some detail from the point of view of its PVT behavior which had been examined only on a limited basis when it was presented. In this work it is compared with other cubic equations on seven basic counts: (1) prediction of the compressibility factor at the critical point; (2) comparison with the general volumecubic equation of state of Martin (1979); (3) its Zchart sum; (4) its critical isotherm and prediction of the critical pressure from the critical temperature and volume; (5) its prediction of a collection of PVT data for argon for reduced temperatures from 0.6 to 1.5 and up to twice the critical density; (6) its prediction of pressures from saturated liquid and vapor densities of argon; and (7) the same comparisons for isopentane as for argon where the former has a Z, of only 0.270 compared to 0.291 for the latter.
CONCLUSIONS AND SIGNIFICANCE
The new equation is shown to predict a low critical pressure and an impossible critical isotherm. When compared to a simpler form of cubic equation of state, it is less satisfactory in representing PVT data up to twice the critical density or in predicting vapor pressure from saturated liquid density for two quite different fluids, argon and isopentane. Because it was originally utilized largely for its use in equilibrium comparisons, its PVT behavior was not examined. Only in the three-root region is its prediction of a more constant pressure isotherm closer than a simpler equation, but this results from its greater deviation of pressure at smaller volumes. The analysis is useful because it can be applied to evaluate the PVT performance of any equation of state. Recently, a new equation of state was suggested by Ishikawa, Chung and Lu (1980) , which they termed a cubic perturbed, hard sphere equation of state. The proposed equation has the form,
where the parameters, a and b, are both taken to be temperature-dependent. In the development of van der Waals (1873) 
Substituting these values at the critical point gives the critical compressibility factor, 2, = P,V,/RT, = 0.315206
Unfortunately, the authors did not give the values in Eqs. 2 , 3 and 4 even though they implied using the critical point derivatives. The last value, Z,, may be compared with several other two-term cubics in With temperature included in a, Eq. 1 may be rearranged to The last term may be split so that
Now in Eq. 5set p = -b/2, y = b, a = a -RTb, and 6 = RTb2 + ab/2. With these values Eqs. 5 and 7 are quickly seen to be identical, so that Eq. 1 is simply a form of Eq. 5 with suitable specialization of constants. Returning to Eq. 1 another test of its behavior is its Z-chart sum,
is the generalized second virial coefficient. Using the constants a and b, and carrying out the necessary differentiation to obtain the second virial coefficient gives
This may be compared with the Z-chart sum for several other equations in Table 2 . The differences of Z are small, but significant. It is 10 be recalled from Martin (1979) , that Z is about 0.62 for practically all substances, so the lowest value in Table 2 is preferable, other characteristics being the same. This makes the Ishikawa-Chung-Lu equation second in the listing and slightly better than the Redlich-Kwong.
The actual PVT behavior of Eq. 1 will now be examined for two Value!; of ai and hi have been given for the 22 substances, which include argon and isopentane.
The behavior along the critical isotherm will be studied first for argon. Two possibilities exist, for the numbers in Eqs. 2 and 3 may be used or the values that come from the correlating Eqs. 10 and 11 at Tfi = 1 may also be used. The latter are The required constants to be employed for argon are T, = 150.86 K, Pc = 48.34 atm, V, = 1113.41 L/gmol, R = 0.0820535 L.atm/ gmol-K, and Z, = 0.29121. Comparison with the data of the National Bureau of Standards (1969) shows pressure predictions are from 10 to 50% low for reduced densities from 1.6 to 2.0 for either possible equation. (All comparisons referred to in this paper have been filed with the National Auxiliary Publication Service, 214-13 Jamaica Ave., Queens Village, NY 11428.)
A more fundamental defect occurs where the correlating Eqs. 10 and 11 leading to Eqs. 12 and 13 give an impossible critical isotherm with the pressure exceeding the critical pressure for volumes greater than the critical volume and being less than the critical pressure for volumes less than the critical volume, meaning pressure decreases for increasing density which is not possible and violates equilibrium state conditions. This defect extends to temperatures a little above the critical temperature and was not detected by Ishikawa, Chung and Lu in focusing their attention on developing correlating equations for a and b to yield low-temperature (TR < 1) predictions of vapor pressures. Using the usual derivatives of pressure with respect to volume at the critical giving Eqs. 2 and 3, the expected horizontal inflection results with no violation of equilibrium.
It is instructive to look at the behavior of the Martin equation with two different values of the translation, the first as given in the paper and the second with the translation reduced by 0.022 and the temperature exponent increased by 0.25; thus, and The predictions along the critical isotherm above the critical density can be made similar to those of the ICL equation by proper selection of the translation and this has been done in Eq. 15; however, as with the ICL equation, the fit of the NBS data is good at VR N 1/1.5, but very poor at '12 while the reverse is true for Eq. 14, a dilemma which is true for all cubics. The main reason that Eq. 15 is similar to the ICL is because its calculated Z, is 0.25 + 0.06 or 0.31 which is close to that given in Eq. 4. Both Eqs. 14 and 15 give the proper inflection to the critical isotherm.
The next comparison is over the whole plateau of NBS argon data up to twice the critical density and for reduced temperatures from 0.5 to 1.5. Below the critical density the differences between Eq. 9 with constants from Eqs. 10 and 11, and Eqs. 14 and 15 are small. Above the critical density Eq. 14 or 15 is generally better except for one region which is, as expected, at temperatures below the critical temperature. This is a near-liquid region where perturbation has its powerful beneficial effect, and it will be seen shortly how perturbation can be applied to Eq. 15, or Eq. 14 for that matter, to make it just as good as the ICL for saturated liquid.
To show how the ICL equation has been fitted to the saturated liquid, a series of temperatures have been selected down to a reduced temperature of about 0.65 for comparison. As anticipated from the low-temperature high-density results, the ICL equation does a fair job of predicting pressures from saturated liquid densities, while Eq. 15 is extremely poor, giving large negative pressures as the temperature decreases. To make a fair comparison, however, one must allow the b term of Eq. 15 to be perturbed in the same manner as the ICL equation by letting it vary with temperature. The generalized form of Eq. 15 is For reduced temperatures between 1 and 1.5 good results are obtained if (17) which is precisely Eq. 15; however, pressure predictions of Eq. 15 at TR < 1 are on the low side. To raise pressures it is necessary that bP,/RT, be increased (as much as 50% or so over the 0.06 of Eq. bP/RT, = 0.06 for TR 1 1.0 17). A number of temperature functions were examined and after a little trial a simple expression was developed that gives results generally better than the ICL equation. The expression is bP,/RT, = 0. 09406 -0.03406T;4for TR I 1.0 (18) where at TR = 1, it merges identically into Eq. 17. The only place where the ICL equation is better is for a saturated liquid density point just below the critical. This is largely due to the fact that the ICL equation was designed to misfit at the critical (thereby giving the impossible critical isotherm), whereas Eq. 16 with its b perturbed as in Eq. 18 fits the critical point almost perfectly and yields a logical critical isotherm. The two equations do not differ a lot for prediction of pressures using saturated vapor densities.
The conclusion to be reached for argon is that the ICL Eqs. 9, 10 and 11 with its eight constants is no better in predicting PVT data than the much simpler set of Eqs. 16,17 and 18 with just three constants. Around the critical point and along the critical isotherm the ICL equation is inferior as it also is for vapor pressures from saturated liquid densities. Since the predictions for the gas at low pressure are about alike for the two equations, the second virial coefficients will be practically the same.
It is desirable next to look at isopentane where Z, is much less than for argon. The ICL equation is again the combination of Eqs. 9, 10 and 11, with the a4 and bi for isopentane. By trying several values for the constants, Eqs. 16, 17, and 18 become for isopentane The required constants for isopentane are T, = 460.39 K, P, = 33.37 atm, V, = 306 cm3/gmol, R = 82.05606 cm3.atm/gmol-K, Z, = 0.270297. Comparison with the data of Das, Reed, and Eubank (1977) shows that the ICL equation is generally not as good up to twice the critical density and reduced temperatures from 0.67 to 1.3. Since the predictions at low pressure are similar, the second virial coefficients will be about alike, as with argon. For pressures predicted from saturated liquid densities the ICL equation is inferior, as it predicts negative pressures at the lowest temperatures. Also, the ICL equation misses the critical point, as expected from its development. Along the critical isotherm the ICL equation has the same defect for isopentane as it does for argon, in that it predicts an impossible maximum and minimum. Since vapor pressures for both argon and isopentane have been computed for true saturated liquid and vapor volumes directly from the equations of state, the conditions of equilibrium have been accounted for only approximately. If fugacities are calculated at these points, neither the ICL nor Martin equations will give the identical values expected for equilibrium between the saturated liquid and saturated vapor. This is simply because the usual three-root oscillation of a cubic isotherm on pressure-volume coordinates under the saturation dome does not in general give JVdP = 0, as would occur if a horizontal line at the vapor pressure joined the true saturated liquid and vapor volumes. It is, of course, easy to find a pressure for a cubic isotherm under the dome such that the JVdP does vanish, but this will not occur at the true saturated liquid and vapor volumes.
However, this pressure and the saturated liquid and vapor volumes determined by its outer intersections with the isotherm will be closer to the true values for the ICL equation than for the This difference between the two equations is damped out as the critical temperature is approached, but is more pronounced at lower temperatures. In general ICL isotherms under the dome (three-root regime) are better because they do not rise and fall so severely, but they are not as good outside the dome because they do not rise steeply enough for volumes less than the saturated liquid volume.
The conclusion to be reached in this study is that for PVT behavior of two quite different substances, argon and isopentane, except in the three-root region, the ICL equation is not as good as another. A simpler equation has been shown to be equal to or better when considering the critical point prediction, the critical isotherm, the 2-chart sum, the super-heated or saturated vapor phase behavior, and the vapor pressure for true saturated liquid volumes. 
